The DNA polymerase of Rauscher murine leukemia virus is strongly and specifically inhibited by nontemplate, single-stranded polyribonucleotides with either the resident viral RNA, native calf-thymus DNA, or poly[d(A-T)l as templates. These inhibitory homo-polymers are apparently bound to the template site of the polymerase, since they interact competitively with the template. The strength of the inhibition depends on the particular homopolymer used: poly(U) > poly(G) >> poly(A) > poly(C). The Ki for poly(U) was 0.08 Mg/ml, which represents an apparent affinity six times greater than that observed for viral RNA. No such inhibition was observed with a highly purified DNA polymerase from mouse embryos or the Escherichia coli enzyme.
There are now many reports of RNA-dependent DNA polymerases in oncogenic RNA viruses (1) (2) (3) (4) (5) (6) (7) (8) . Although similar activities have been detected in partially purified preparations from normal (9, 10) and leukemic (11) (12) (13) cells, a satisfactory assay for the specific determination of these enzymes in cell extracts has not been described. The required specificity can only be achieved when properties that are unique to the viral enzymes are clearly understood. The work described here concerns one possible unique property.
The published findings of Spiegelman et al. (5) show that synthetic, single-stranded homopolyribonucleotides do not serve as templates for the DNA polymerase of the avian myeloblastosis virus. The present communication describes the effects of these homopolymers on the polymerization of deoxyribonucleotides by the enzyme of the Rauscher murine leukemia virus. The enzyme-polynucleotide interactions described here may provide a basis for a specific assay for viral polymerases.
MATERIALS AND METHODS Virus purification
Rauscher murine leukemia virus (RLV) was purified from two different sources. One source was a 10-fold mouse (strain CFW-S) plasma concentrate (lot number RPV-HL-68-4 of Hazleton Laboratories) that contained 5.48 log units (spleen enlarging)/ml. The viruses from this source were purified according to published methods (3) . Rauscher virus from JLS-V5 tissue culture fluids was also purified by this procedure after an initial sedimentation at 78,000 X g.
DNA polymerase preparations
Crude Rauscher virus DNA polymerase was prepared by detergent lysis of purified RLV at 0-4°C for 10 min in a solution containing 0.05 M Tris . HCl (pH 7.5), 0.1 M NaCl, 1 mM EDTA, 8 mM MgCl2, 4 mM dithiothreitol, 0.1% (v/v) Nonidet P-40, and 150-300 ,ug of viral protein per ml.
DNA polymerase was repeatedly purified from 16-to 18- day-old BALB/c mouse embryos by a method similar to that described by Alberts et al. (14) for the purification of DNA polymerase I from Escherichia coli. ln the procedure, decapitated embryos were homogenized at 4°C in a pH 8.1 buffer containing 5 M NaCl-0.05 M MgCl2-5 mM 2-mercaptoethanol-0.02 M Tris HCl. A 105,000 X g supernatant was prepared from the homogenate after it had been subjected to sonication (Bronwill Biosonik with a 12-mm diameter probe at maximum output) and filtered through cheesecloth. A nucleic acid-free solution was then prepared by the use of a two-phase, polyethyleneglycol-dextran extraction system (15) . The top phase was passed over a column of DNAcellulose after the salt had been removed by dialysis against a pH 8.1 buffer containing 0.02 M Tris-HCl-0.1 M NaCl-5 mM 2-mercaptoethanol-1 mM EDTA. The enzyme was eluted from the column by a similar buffer containing 0.6 M NaCl. The by the polymerases from BALB/c mouse embryos or E. coli (Fig. 2) . It is possible that the apparent lack of inhibition was due to the presence of ribonuclease or some other antipoly(U) factors in the mouse and E. coli polymerase preparations. However, this explanation was ruled out by experiments which showed that reaction mixtures containing poly (U) completely inhibited the RLV polymerase even after 20 min in the presence of the mouse embryo or E. coli enzymes. Thus, it was concluded that the apparent specific inhibition of the RLV polymerase was due to an intrinsic property not present in the E. coli or mouse enzymes, rather than to a more trivial factor such as ribonuclease contamination.
The potent and apparently specific inhibition of the enzyme from leukemia virus by polyuridylate encouraged a more comprehensive characterization of this phenomenon. The data presented in Table 1 demonstrate that polymeriza- tion by the RLV enzyme was inhibited similarly at both pH 7.5 and pH 8.3. In addition, the presence of inorganic phosphate did not significantly relieve the inhibition, suggesting that it was not the result of a nonspecific phosphate effect. The extent of inhibition of the RLV polymerase was observed to be the same whether poly(U) was present at zero time or added after polymerization had commenced (Fig.  3A) . This implies that poly(U) may interfere with the elongation phase of polymerization in addition to its effect on the initial binding of enzyme to the poly[d(A-T) I template. The experiment illustrated in Fig. 3B demonstrates that polyuridylate inhibition of the RLV polymerase is readily reversible. The addition of ribonuclease 5 min after the initiation of polymerization rapidly removed the inhibitory effect and allowed catalysis to proceed normally.
The data in Fig. 3 suggested that poly(U) may have been competing with a component of the reaction mixture for polymerase. An experiment to determine whether the compe- 4. tition was between poly(U) and the template, polys[ds(A-T) was therefore performed. The data (presented in Fig. 4 Fig. 5 show clearly that the base composition of the polyribonucleotide does play an important part in determining the strength of the inhibition. The apparent dissociation constants (Ki's) for the four polyribonucleotides tested ranged from 0.2 (micromolar concentration of polynucleotide phosphorus) for poly(U) to 22 for polyC). Expressed in terms of pg/ml, the K a's were 0.08 for poly(U), 0.25 for poly(G), 4.4 for poly(A), and 9.7 for poly(C) Single-stranded polyribonucleotides do not serve as templates for polymerization by the DNA polymerases of RNA tumor viruses under the usual reaction conditions (5) . The data presented here demonstrate that these polymers do, however, bind to the enzyme. It was of interest, therefore, to determine whether the viral RNA (17, 18) present in the RLV polymerase preparations used here is also bound tightly by the enzyme under the assay conditions. This RNA has already been shown to be an inferior template for polymerization ( Fig. 1; ref. 19 ). The results presented in Fig. 6 show that An apparent Ki for the resident viral template may also be estimatedt from the data presented in Fig. 6 . A value of Ki = 0.5 ,g/ml was calculated from these data, which represents a 3-fold tighter binding than observed for poly[d((A-T) ] but only one-sixth that observed for poly(U).
DISCUSSION
Although there are now many reports (1) (2) (3) (4) (5) (6) (7) (8) The strength of the inhibition by single-stranded polyribonucleotides is clearly dependent on the base composition of the homopolymer. Poly(U) and poly(G) were apparently bound with much greater affinity than were poly(A) or poly (C). Thus, no purine or pyrimidine preference is obvious. Furthermore, the apparent dissociation constants for poly-(U) (K1 = 0.08 ,g/ml) and poly(G) (K1 = 0.25 ug/ml) are smaller than that estimated for the resident viral RNA (Ki = 0.50 Mug/ml), suggesting that the viral polymerase might be inhibited in vivo by one of these polymers. Preliminary experiments to test this possibility are now underway. These data also suggest that viral polymerase molecules, free of bound polynucleotides, must be rare inside host cells.
The findings presented here indicate that the inhibition of DNA polymerization by synthetic homopolyribonucleotides may be a property unique to the enzymes of oncogenic RNA viruses. DNA polymerase-I of E. coli and the predominant enzyme of mouse embryos were clearly not inhibited by high concentrations of poly(U). These enzymes do, however, possess some properties similar to the leukemia virus polymerase studied here. First, poly[d(A-T)] is a "preferred" template for each. In addition, the E. coli enzyme has been shown to catalyze an RNA-dependent reaction with either natural RNA (22) or certain synthetic RNAs (23) as templates. Thus, the findings reported here suggest that poly(U) or poly(G) might serve as a rapid and simple means of differentiating cellular polymerases from the viral enzyme in crude enzyme preparations.
Both the specificity of poly(U) inhibition and the competitive interaction of poly(U) and template suggest a simple approach to simultaneous separation and purification of leukemia virus-like DNA polymerases from crude cellular homogenates. Thus, the viral enzymes might be specifically eluted from DNA-cellulose columns (14) with buffers containing poly(U).
